Leaching of fertilizer N in sandy soils is both an agricultural and environmental concern and depends, in part, on the N holding capacity of the soils in the vadose zone. We examined NH 4 adsorption and desorption in surface (0-30 cm) and subsurface (30-60 cm) samples of Wabasso (sandy, siliceous, hyperthermic Alfic Alaquod) and Candler (uncoated hyperthermic, Tj pic Quartzipsamment) sands using a batch technique. Samples of a 90-to 100-cm depth horizon of the Wabasso sand were also used in the study. The NH 4 quantity-intensity (Q/I) relations showed that the potential buffering capacity (PBC) of the soils ranged from 0.26 (Wabasso, 30-60 cm depth) to 3.9 (Wabasso, 90-100 cm depth) cmol c kg" 1 M~m. Labile NH 4 , as determined from the Q/I, was 4.9 x 10~3 (Candler, subsurface) to 13.8 X 10~3 (Wabasso, surface) cmol c kg"
M
OST AGRICULTURAL SOILS in Florida are sandy and are under intensive N fertilization programs. There is a potential for some fertilizer NO 3 to enter the surficial aquifer. The use of NH 4 -releasing fertilizers may be preferred because NH 4 is less mobile than NO 3 . To improve the efficiency of N fertilizer application in the region, it is essential to understand fate of NH 4 in these soils.
In soil, N availability for plant uptake and leaching processes is related to NH 4 adsorption and desorption capacity of the soil (Avnimelech and Laher, 1977; Fenn et al., 1982) . The adsorption capacity of clay minerals appears to govern the rate of biologically mediated NH 4 oxidation (Goldberg and Gainey, 1955; Kai and Harada, 1969) . The nature of soil minerals also modifies the desorption capacity of the soil. For instance, fixation of NH 4 can be partly attributed to the presence of vermiculite in the soil (Bohn et al., 1985) . Similar results of NH 4 exchange reactions have been demonstrated by several investigations conducted on clay and silt loam soils (Pasricha, 1976; Pasricha and Singh, 1977; Opuwaribo and Published in Soil Sci. Soc. Am. }. 64:1669 Am. }. 64: -1674 Am. }. 64: (2000 . Odu, 1978; Rappaport and Axley, 1984; Evangelou and Blevins, 1985; Thompson and Blackmer, 1992; Lumbanraja and Evangelou, 1990, 1994) .
Little is known about adsorption and desorption of NH 4 in sandy soils. Behavior of NH 4 ions in sandy soils may differ significantly from that in clay or clay loam soils. Further our previous study using Florida sandy soils (Wang and Alva, 1996) showed a greater proportion of applied fertilizer N being retained by an Alfic Haplaquod than by a Typic Quartzipsamment. However, the mechanism for the observed differential NH 4 retention was not clear.
The objective of this study was to evaluate adsorption and desorption of NH 4 in different horizons of sandy soils. Particular attention was given to NH 4 Q/I relations and the relationship between selected soil chemical properties and Q/I plot components.
MATERIALS AND METHODS
Candler fine sand and Wabasso sand were sampled from citrus groves in Polk and St. Lucie Counties, Florida, respectively. These soil series represent the soils in the citrus production regions along the Central and East Coast areas of Florida. The soils were sampled from 0-to 30-cm (surface) and 30-to 60-(subsurface) cm depths for both soils , and from a 90-to 100-cm depth horizon of the Wabasso sand. Our x-ray analysis (Whitting and Allardice, 1986) showed that the clay fraction of soil samples from every soil depth studied contained quartz and kaolinite. In addition, there was hydroxyinterlayered vermiculite in the Candler sand and smectite in the Wabasso sand. Selected properties of the soils are presented in Table 1. The approach of Beckett (1964a Beckett ( , 1964b ) was used to study Q/I relations for NH 4 in the soils. In Fig. 1 , an ideal Q/I plot for NH 4 is given, which includes the amount of NH 4 adsorbed or released from the soil (NH 4 , cmol c kg" 1 ) and the NH 4 activity ratio (AR NH4 ) expressed by
where parentheses denote activities of the ions in the solution; a potential buffering capacity for Nfti (PBC, cmol; kg'W" ). Theoretical considerations with respect to Q/I relationships for cations in soils have been discussed elsewhere (Beckett, 1964a (Beckett, , 1964b Talibudeen, 1981; Lumbanraja and Evangelou, 1990 Id" 3 M CaCl 2 and various concentrations of NH 4 C1 (0 to 2 X 10~2 M). Subsamples (5 g, in triplicate) were taken from soil samples of respective depths and placed into 100-mL polystyrene tubes, and 25 mL of equilibrating solution was added to each tube. The samples were shaken for 6 h at 90 strokes mitr 1 and at 25 ± 1°C. A preliminary experiment did not show significant difference in NH 4 adsorption as the samples were shaken for 2,4,6,12, or 24 h. After shaking, the suspension was centrifuged and the supernatant filtered (Q2 filter paper, Fisher Scientific, Pittsburgh, PA). The filtered solution was analyzed for Ca and Mg ions, using an inductively coupled plasma emission spectroscope (Plasma 40, Perkin-Elmer Inc., Norwalk, CT), and for NH 4 ion using a rapid flow analyzer (ALPKEM, 1989) .
The electrical conductivity (EC) of the filtered solution was determined and ionic strength (IS) calculated using the relationship: IS (M) = 0.013 X EC (dS nT 1 ) (Griffin and Jurinak, 1973; Alva et al, 1991) . Ion activities and activity ratio, AR NH4 , were calculated from the Davies equation using ionic strength and ion concentration data (Bohn et al., 1985) . The change in exchangeable NH 4 (ANH,) was taken as the difference between the initial concentration of exchangeable NH 4 and that at equilibrium. Quantity-intensity plots were constructed using ANH 4 and AR NH4 values, and regression analysis was applied to the linear portion of the Q/I plots. Quantity-intensity plot parameters (PBC, -ANH 4 , and AR NH 4°) were derived from these regression equations. The specific adsorption sites (NH 4 _ sas ) of the soil were taken as the difference between -ANH 4° and the Q/I plot value obtained at AR NH4 = 0 by extrapolation. Fixation capacity of the soil to added NH, was quantified in terms of NH 4 desorption percentage, which was calculated as follows:
The desorption of NH 4 was studied for selected treatments, that is, following the NH 4 adsorption using 1 X 10~3, 5 X 10~3, and 1 X 10~2 M NH,C1 equilibrating solutions. After the adsorption reactions, the supernatant was separated from the soil suspension by centrifugation. The sediment was centrifuge-washed using 20 mL of 0.5 (m 3 m~3) methanol. The washing procedure was repeated until the supernatant was free of Cl~ based on the test using AgNO 3 . After final washing, 25 mL of 2 M KC1 was added to the sediment. The suspension was shaken once more for 6 h at 90 strokes min~' at 25 ± 1°C. A preliminary experiment did not show any significant difference in NH 4 desorption whether samples were shaken for 6,12, or 24 h. Upon completion of NH 4 desorption, the suspension was centrifuged, the supernatant filtered and the filtrate analyzed for NH 4 as discussed above. The results showed that more than 99% of the extractable NH 4 was removed in the first KC1 treatment.
All results are presented as means of triplicate treatments. Statistical analysis (ANOVA and LSD) on the difference between the means of the soils was conducted using a Super ANOVA program (Abacus Concepts, Berkeley, CA). In the regression analysis, regression coefficients were calculated and their significance was tested through general statistical procedures.
RESULTS AND DISCUSSION
Except for the 30-to 60-cm depth in Candler soil, NH 4 Q/I relations for the two soils ( Fig. 2A and 2B ) showed curvilinearity at low activity ratios, suggesting a release of nonexchangeable (or specifically adsorbed) NH 4 (Beckett, 1964b) . The amount of nonexchangeable NH 4 in the soils was estimated from NH 4 _ sas values (Table 2). Although all the soil depths studied showed the presence of specific NH 4 adsorption sites, the fixation capacity of these sites (0.0027-0.0096 cmol c kg' 1 ) was much smaller than those (1.07-1.62 cmol c kg" 1 ) reported for clay loam soils (Thompson and Blackmer, 1992) .
The PBC for NH 4 and the quantity of labile NH 4 in the soils (Table 2) the PBC was reported to range from 63 to 115 cmol c kg~1M~1 /2 (Lumbanraja and Evangelou, 1990; Thompson and Blackmer, 1992) and -ANHJ values from 0.053 to 0.144 cmol c kg" 1 (Thompson and Blackmer, 1992) . Hence, the difference in Q/I plot parameters between the sandy soils examined in our study (Table 2 ) and the silt and clay loam soils reported by Thompson and Blackmer (1992) was approximately one to three orders of magnitude. On the other hand, AR NH4° values for the sandy soils (Table 2) were up to 10-fold greater than that for the clay loam soils. A high AR^m value suggests high availability of NH 4 at equilibrium. However, low values of NH 4 _ sas , PBC, and -ANH? are indicative of poor NH 4 holding capacities for these soils.
The Q/I plot parameters varied between the soils and among soil depths. Among the surface samples, the Wabasso had a greater potential NH 4 buffering capacity than the Candler sand. However, there was no significant difference between the two soil series with regard to PBC of the subsurface samples ( Table 2 ). The labile NH 4 pool decreased in the order: Wabasso, surface > Candler, surface > Wabasso, 90-to 100-cm depth horizon > Wabasso, subsurface > Candler, subsurface horizon. It appeared that the 90-to 100-cm depth horizon was unique with respect to its NH 4 exchange reactions. Soil samples of this horizon showed greater PBC and NH 4 _ sas values than any of the other samples. Furthermore, curvilinearity of the Q/I plot for the 90-to 100-cm depth horizon was also observed at high activity ratios (AR NH4 values = 0.02-0.16) (Fig. 2) . This suggests that, compared with the other samples, the NH 4 adsorption capacity of the Wabasso 90-to 100-cm depth horizon is more sensitive to the extent of surface coverage by NH 4 ; that is, NH 4 adsorption is expected to decrease at a faster rate for the 90-to 100-cm depth horizon than for the other horizons as adsorption sites become occupied by NH 4 . The 90-to 100-cm depth horizon and the Wabasso surface soil, which also had a substantial NH 4 buffering capacity and labile pool, appeared to contribute to the greater retention of NH 4 by the Wabasso sand compared with the Candler sand in our previous N leaching study (Wang and Alva, 1996) .
The increased NH 4 retention by the Wabasso 90-to 100-cm depth horizon may not be exclusively due to its high organic C content, although potential NH 4 buffering capacity and labile NH 4 values tend to be greater for soils with higher organic C contents (Tables 1 and  2 ). The Wabasso 90-to 100-cm depth horizon sample, which had the highest organic C content among the soil depths studied, was an outlier in the linear relationship between organic C and Q/I plot components (PBC and -ANHJ). The correlation was established by excluding the data from the 90-to 100-cm depth horizon (Fig. 3A  and 3B ). The relatively high potential NH 4 buffering capacity of the Wabasso 90-to 100-cm depth horizon cannot be attributed to its difference in organic C content only. The PBC of the Wabasso 90-to 100-cm depth horizon sample was fourfold greater than that of the surface sample, while its organic C content was only 1.5-fold greater. This suggests that the mineralogy of the 90-to 100-cm depth horizon contributed more to the PBC than did the organic C. The clay mineralogy data suggest that there would be more smectite, a 2:1 expandable mineral, in the 90-to 100-cm depth horizon than in the surface soil of the Wabasso sand since clay content of the former soil was greater than that of the latter (Table 1) . Further, despite its high C content, the size of the labile NH 4 pool of the Wabasso 90-to 100-cm depth horizon was smaller than labile NH 4 pools of the surface samples of both soils. Such an observation may be attributed to the relatively high NH 4 adsorption strength (the tightness with which the NH 4 ion is held by the adsorption sites) and limited adsorption sites on organic components in the Wabasso 90-to 100-cm depth horizon. A study on soil organic matter accumulation (Evangelou et al., 1986) has shown that high organic matter content does not necessarily and proportionally contribute to an increase in buffering capacity when the affinity of a soil for NH 4 is high. The PBC for 0-to 30-and 90-to 100-cm soil samples of the Wabasso sand was higher than those for the Candler sand. The higher PBC may be attributable to the presence of smectite in the Wabasso sand. Although the Candler sand contained hydroxyinterlayered vermiculite, it is well known that the cation-exchange ca- pacity of this mineral is much lower than that of smectite because the internal cation adsorption sites of the vermiculite are occupied by a nonexchangeable hydroxyinterlayer. The quantity of smectite in the Wabasso sand (30-60 cm) might have been too low to lead to a higher PBC. The correlation between organic C and PBC or labile NH 4 for the surface and subsurface soils (Fig. 3) needs to be further evaluated using more soils. The correlation can be useful in studying the NH 4 chemistry of sandy soils since organic C measurements are less laborious than are quantity-intensity experiments. The correlation between labile NH 4 and extractable NH 4 was not significant (Fig. 4) . This is contrary to what has been reported for clay loam soils (Thompson and Blackmer, 1992) . The exchangeable NH 4 concentration in the subsurface samples was low (Table 1) , despite prediction of a relatively large labile NH 4 pool ( Table 2) . More studies for sandy soils are required to redefine the nature of labile NH 4 obtained from the intercept of Q/I plots.
At a low concentration of NH 4 in the equilibrating solution (1 X 10~3 M), no additional NH 4 was adsorbed by the surface and subsurface soil samples; however, there was desorption of NH 4 when the soil samples were subsequently suspended in 2 M KC1 (Table 3 ). This appears to be due to release of originally bound NH 4 on the soils. At low levels of applied NH 4 , the Wabasso 90-to 100-cm depth horizon adsorbed and then desorbed a significant part of the applied NH 4 due to its high buffering capacity. When the concentration of applied NH 4 was sufficiently high (e.g., 5 X 10~3 M), desorption of applied NH 4 was evident from both the surface and subsurface horizons (Table 3) . It appeared that the Wabasso 90-to 100-cm depth horizon served as an NH 4 sink rather than a reservoir at low solution NH 4 concentration. This is consistent with its low AR£, H4 value, which suggests little NH 4 availability at equilibrium (ANH 4 = 0) for this horizon ( Table 2) .
The amount of desorbed NH 4 increased with increas- (Table 3 ). The Wabasso 90-to 100-cm depth horizon, although having the largest capacity for adsorbing NH 4 among the soils, also released most of the applied NH 4 that was adsorbed. Obviously, organic C content alone cannot explain these differences in NH 4 desorption. There is a need to investigate the nature of the organic matter and minerals in these soils, which could impact the reactions of NH 4 .
CONCLUSIONS
The potential NH 4 buffering capacity and labile NH 4 values for the sandy soils studied were much lower than those for clay and silt loam soils reported in the literature. Although the soils should have a relatively poor NH 4 holding capacity, this study also provided evidence of fixation of NH 4 by these soils. The NH 4 fixation capacity (i.e., NH 4 _ sas ) of these soils should be taken into account when strategies for N fertilization are to be developed to maximize N use efficiency. Strong adsorption and desorption of NH 4 was evident for soil horizons high in organic C. Organic C was positively correlated with potential NH 4 buffering capacity and labile NH 4 for the soils, with the exception of the Wabasso 90-to 100-cm depth horizon. This 90-to 100-cm depth and the surface soil of the Wabasso sand had a relatively high NH 4 buffering capacity, which may be responsible for greater NH 4 retention in this soil than in the Candler sand. Further studies are necessary to understand the role of composition and nature of soil components in sandy soils in governing the fate of applied NH 4 . This is of particular interest for the Wabasso 90-to 100-cm depth horizon, which contributes to even greater retention of NH 4 than does the surface horizon of this soil.
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